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Abstract
A basic neoclassical model of production is often used to assess the contribution of investment to
output growth. In the model, investment raises the capital stock and output growth increases in
proportion to the growth in capital. It has been argued, however, that computers, as a “general
purpose technology,” lead to process innovations and facilitate organizational coinvestments.
Since there may be a learning period before ﬁrms realize the full potential of the new technology
and begin to implement new processes, there may be a lag between the growth in investment and
its beneﬁts. In fact, during periods of rapid adoption of new technologies and equipment, ﬁrms
may incur adjustment costs and struggle to maintain previous levels of output.
Using aggregate annual Canadian data from 1961 to 2001, the author explores the magnitude of
the effect that investment in new technology, in the form of new computer hardware, can have on
output growth. He ﬁnds that such investment has a positive effect on output growth that cannot be
explained by growth in inputs. This effect, however, is not instantaneous and is strongest only
three years after the initial investment. Furthermore, the author’s ﬁndings suggest that the effect of
computer hardware investment has grown over time.
JEL classiﬁcation: O31, O49
Bank classiﬁcation: Productivity
Résumé
On a souvent recours à un modèle néoclassique de base de la production pour évaluer la
contribution des investissements à la croissance de la production. Dans ce modèle, les
investissements engendrent une hausse du stock de capital, et la croissance de la production
s’accélère dans la même proportion que celle du capital. On a néanmoins fait valoir que
l’informatique, en tant que « technologie d’application générale », ouvre la voie à des innovations
de procédé et favorise les coinvestissements dans l’organisation de la production. Puisqu’il peut y
avoir un temps d’apprentissage avant que les entreprises réalisent pleinement le potentiel des
nouvelles technologies et qu’elles commencent à mettre en œuvre de nouveaux procédés, il
s’ensuit, le cas échéant, un décalage entre la croissance des investissements et celle des proﬁts.
Durant les périodes d’adoption rapide de nouveaux matériels et technologies, il se peut même que
les entreprises aient à subir d’importants coûts d’ajustement et qu’elles éprouvent des difﬁcultés à
maintenir leur production aux niveaux antérieurs.vi
En se fondant sur des données agrégées relatives à l’économie canadienne pour les années 1961 à
2001, l’auteur étudie l’incidence des investissements dans les nouvelles technologies — en
l’occurrence ceux visant l’achat de nouveau matériel informatique — sur la croissance de la
production. Il constate que ces investissements ont un effet positif sur la croissance de la
production et que celui-ci n’est pas lié à l’augmentation des facteurs de production. Cet effet n’est
toutefois pas instantané et atteint son apogée seulement trois ans après l’investissement initial. De
plus, les résultats de l’étude donnent à penser que l’incidence des investissements en matériel
informatique s’accroît avec le temps.
Classiﬁcation JEL : O31, O49
Classiﬁcation de la Banque : Productivité1
1. Introduction
The contemporaneous effects of investment on output and productivity growth have been
examined in many studies.1 Fewer papers have investigated the effects of investment in new
capital on productivity growth over a longer period of time. Investment raises the stock of capital
and hence output, but adjustment or adoption costs may initially obscure these gains. To fully
exploit the productive capacity embodied in the new capital, ﬁrms must devote resources to
integrate the new technology into their production processes. These costs may be direct, in the
form of installation and training costs. On the other hand, they may be more subtle, involving
expenses to develop ways of using the new technology, or costs associated with implementing
organizational change that complements the installation of new technologies. Lichtenberg (1988)
has provided evidence of non-negligible adjustment costs at the level of the ﬁrm.2 More recently,
Basu, Fernald, and Shapiro (2001), Bessen (2002), and Kiley (1999) have found that capital
adjustment costs lowered measured multifactor productivity (MFP) growth by 0.3 to 0.5 per cent
per year in the U.S. manufacturing industry and the U.S. non-farm business sector.3 The payment
of these adjustment costs, however, does lead to beneﬁts. Brynjolfsson and Hitt (2000a, b) and
1. Forexample,Kiley(1999)andOlinerandSichel(2000,2002)usetheneoclassicalgrowthaccounting
framework to analyze the impacts of investment in different types of capital stock on U.S. labour
productivity growth and the sectoral contributions tomultifactor productivity growth in the U.S. non-
farm business sector. Studies thatuse similar techniques and Canadian data include Armstrong et al.
(2002) and Khan and Santos (2002).
2. Using data on manufacturing ﬁrms from the U.S. Census Bureau’s Longitudinal Establishment Data
ﬁle,Lichtenberg(1988)ﬁndsthatadollarincreaseinexpansioninvestmentcausesa35centreduction
in current output, while a dollar of replacement investment leads to a smaller, 21 cent reduction.
3. Concentrating on adjustmentcosts for computers, Kiley (1999) calibrates an aggregate adjustment
cost function where adjustment costs are incurred at the time of the investment. Decomposing output
growth via an accounting process into growth due to an increase inlabour hours, labour quality, the
stockofcomputers,capitalexcludingcomputers,andlabour-augmentingtechnicalprogress,withand
without adjustment costs,Kiley estimates the magnitude of adjustment costs on the aggregate
economy. He ﬁnds that adjustment costs have lowered measured MFP growth since 1974 by
0.5 percentage points peryear.
Basu,Fernald,andShapiro(2001)calibrateanadjustmentcostfunctionthatiscommontoalltypesof
capital investments, where adjustment costs are again incurred only at the timeof investment. After
using industry-level data to estimate the effect of factor utilization and returns to scale on labour
productivity growth, they decompose the growth in the measured MFP into parts due to changes in
capacityutilization,returnstoscale,adjustmentcosts,andtechnology.Theyﬁndthatadjustmentcosts
have lowered the average measured MFP growth rateby 0.3 percentage points during the 1987–99
period.
Bessen(2002)directlyestimatestheeffectofadjustmentcostsonmeasuredMFPusingdatafromU.S.
manufacturing industries. Unlike Kiley (1999) and Basu, Fernald, and Shapiro (2001), Bessen allows
adjustment costs to be incurred in periods after the initial investment. He ﬁnds signiﬁcant adjustment
costs associated with both totalinvestment and IT investment, and ﬁnds that these adjustment costs
lowered MFP by 0.4 percent per year in the 1970s and early 1980s.2
Stiroh (2002) argue that organizational coinvestments complementary to investments in
information and communications technology (ICT) lead to output growth above and beyond that
of growth due to the accumulation of capital in constant quality units alone. Since the
restructuring process may not be immediate, the full impact of investment in new technologies
may not be felt until years after the initial investment. As a result of both adjustment costs and
complementary organizational change, investment in ICT equipment or any other kind of capital
that embodies new technology does not necessarily have a simple one-period effect on output
growth and productivity.
Empirical support for the need to consider the lagged effects of investment can be found in
Brynjolfsson and Hitt (2000a), Stiroh (2002), Wolff (2002), and Basu et al. (2003). Brynjolfsson
and Hitt (2000a) ﬁnd that the effects of computer capital growth on MFP growth are two to ﬁve
times greater over periods of ﬁve to seven years than over a one-year period, while Stiroh (2002)
and Wolff (2002) cannot ﬁnd any relationship between current-period MFP growth and current-
period growth in any type of capital input, including ICT.4 Furthermore, Basu et al. (2003) ﬁnd
that U.S. industries that had high ICT capital growth rates in the early 1990s had high MFP
growth rates in the late 1990s.5 To capture the full effect of the investment in new technologies,
this paper studies the lagged impact of various types of capital investments on Canadian MFP.
Using a method based on production function estimation, the net effect of capital adjustment costs
and complementary coinvestments on MFP growth is estimated.
The rest of the paper is organized as follows. Section 2 discusses the relationship between
adjustment costs, organizational change, and MFP. Section 3 describes the data and the empirical
framework used to identify the effect of investment in new technologies. Section 4 presents the
results. Using aggregate data for Canada between 1961–2001, it is found that the effects of
adjustment costs on aggregate MFP growth are negligible for all types of capital investment. The
effects of complementary investments or innovations, however, are signiﬁcant and are found to
occur most strongly three years after the initial investment in computer hardware. There is also
evidence that the effects of complementary investments have grown stronger over time, and that
this growth can explain approximately one-third of the average annual growth rate of MFP since
1992. Section 5 provides a summary and conclusion.
4. Brynjolfsson and Hitt (2000a) use ﬁrm-level data from the United States between 1987–94, Stiroh
(2002) uses data from U.S. manufacturing industries between 1984–99, and Wolff (2002) uses data
from 44 U.S. industries between 1960 and 1990.
5. Basu et al. (2003) use the same industry-level data set that Basu, Fernald, and Shapiro (2001) use to
study adjustment costs.3
2. The Measurement of Improvements in Efﬁciency
MFP is meant to capture the part of growth that cannot be accounted for by increases in capital or
labour inputs. It represents technological progress and improvements in the organization of
production. The measure of MFP that is produced by statistical agencies such as Statistics Canada
or the U.S. Bureau of Labor Statistics captures as well the effects of capacity utilization, returns to
scale, and changing market structure. These factors must be taken into account before attempting
to uncover a relationship between adjustment costs, organizational change, and MFP. This section
describes the measure of productivity obtained using the traditional growth accounting
framework, how the traditional measure can be adjusted to account for returns to scale and
capacity utilization, and how adjustment costs and organizational change are related to the
adjusted measure of productivity.
2.1 Traditional growth accounting framework
Under the assumptions of perfect competition, constant returns to scale, full utilization of inputs,
and perfect adjustment to changing levels of inputs, MFP is the difference between the growth
rate of value-added output and the weighted growth rates of labour and capital:
where t indexes time,  refers to the ﬁrst difference, Z is the traditional MFP, Y is value-added
output, K is capital input, L is labour input, and is the average of labour income as a fraction of
nominal output for periods t and t-1. Changes in the quality of inputs do not affect Z, since outputs
and inputs are measured in constant quality units. If the assumptions used to derive the above
expression do not hold, however, the traditional measure of MFP will be biased.
D Zt ln D Yt 1 at – () D Kt atD Lt, ln – ln – ln =
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2.2 Accounting for returns to scale, capacity utilization, and imperfect mar-
kets
The traditional growth accounting framework can be easily modiﬁed to account for returns to
scale, imperfect competition in the product market, and capital capacity utilization.6 The
following expression, similar to that presented in Paquet and Robidoux (2001), shows the
relationship between the measure of MFP calculated using the traditional growth accounting
framework and the one that takes returns to scale, capacity utilization, and imperfect markets into
account7:
where A indexes technology, Uk is the capacity utilization rate of capital, is the degree of returns
to scale,8 and is the markup rate, the proportional factor between price and marginal cost.9 The
second term on the right-hand side takes non-constant returns to scale into account. Since the
weight on capital input growth in the traditional growth accounting framework is computed
residually as one minus the labour’s share of nominal output, it underestimates the true weight on
capital if there are increasing returns to scale, and it overestimates the true weight on capital if
there are decreasing returns. Therefore, in the case of increasing returns to scale, a one per cent
increase in capital input would increase the traditional measure of MFP growth by , the
amount by which the weight on capital is underestimated.
The third term on the right-hand side is an adjustment for market power in the product market. In
this case, the correct weights on labour and capital are, respectively, and , as opposed
to  and .10 The traditional accounting approach uses a weight that is too small for labour
6. Thispaperabstractsfromlabourutilization.Utilizationofaworkercanbeincreasedbyincreasingthe
numberofhoursworkedorincreasingeffort.Theformerchannelistakenintoaccountbecauselabour
input isoften measured in hours and not workers. Although the latter channel canbe important,
variation in labour effort over timeis not taken explicitly into account, because itis not observed.
Basu, Fernald, and Shapiro (2001) argue that average hours worked is a proxy for unobserved labour
effort, because cost-minimizing ﬁrms are likely to adjust along all marginssimultaneously. They also
note, however, that the same argument canbe used to support the idea that average hours worked is a
proxyforcapitalcapacityutilizationaswell.Therefore,itislikelythattheeffectsoflabourandcapital
utilization are difﬁcult to disentangle in a regression framework.
7. Paquet and Robidoux (2001) use a measure of capital that is adjusted for capacity utilization when
they use the traditional accounting framework to compute Z. Therefore, the expression intheir paper
does not include the last term on the right-hand side that accounts for capacity utilization.
8. It is the sum of the output elasticities with respect to each input. Ifthe production function is Cobb-
Douglas, it is simply the sum of the exponents on the capital and labour input.
9. In other words, the markup rate is pricedivided by marginal cost.
10. See Paquet and Robidoux (2001) for the derivation.
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and too large for capital. An increase in the growth rate of labour would lead to an increase in the
traditional measure of MFP growth by , and an increase in the growth rate of capital
would lead to a decrease by .
The ﬁnal term on the right-hand side controls for the capacity utilization of capital. If there are no
economies of scale and if the product market is competitive, then a one per cent increase in
capacity utilization growth would increase the traditional measure of MFP growth by , the
weight on capital input growth. If there are increasing returns to scale and no markup, a one per
cent increase in capacity utilization growth would raise measured MFP growth by , the
correct weight on capital in the presence of increasing returns. In the case where there are no scale
economies and there is a positive markup, then the correct weight on labour is , the traditional
weight on labour multiplied by the markup rate. A percentage increase in capacity utilization
growth thus increases the traditional measure of MFP by the relevant weight on capital, .
Using the above framework, Paquet and Robidoux (1997) ﬁnd little evidence of economies of
scale and markups for both the Canadian and American business sectors.11 Therefore, the
discussion in the rest of this section and the empirical work that follows proceeds under the
assumptions of constant returns to scale and perfect competition. Paquet and Robidoux (1997) do
not test whether changes in the capacity utilization growth rate affect measured MFP. They
instead assume that capacity utilization has an effect at the outset and adjust their measure of
capital input for utilization before continuing with their analysis. This paper tests whether
capacity utilization is systematically related to measured MFP.
2.3 Adjustment costs at the aggregate level
Adjustment costs can be thought of as arising from the costs related to the direct installation of
new equipment, the training of individuals, devotion of resources to explore methods to fully
utilize the capital, and the reorganization carried out to put those methods into effect. The
magnitude of adjustment costs found in empirical studies depends on the methods and data used
to obtain the estimates. As stated in the introduction, several papers (Lichtenberg 1988; Kiley
1999; Basu, Fernald, and Shapiro 2001; and Bessen 2002) have studied the magnitude of










adjustment costs at the ﬁrm, industry, and aggregate levels. They all assume that the production
function of a representative ﬁrm has a form as follows12:
where A, K, and L are deﬁned as before, Yord is the ﬁrm’s “ordinary” gross output, Yadj is the
amount of the “adjustment cost” good the ﬁrm must produce, and M is a bundle of intermediate
inputs. The amount of adjustment cost good produced is modelled as an increasing function of
investment, I, over capital.13 Types of capital with high ratios are relatively new types of capital or
types of capital with high depreciation rates.14 Both examples are categories of capital that
embody new technology. First, it is natural to believe that wholly new categories of capital would
embody the newest technologies. Second, a high depreciation rate may indicate a fast pace of
quality improvement in that type of capital. Computers and other ICT equipment would fall into
both of these categories, and it is commonly believed that their introduction has been associated
with adjustment costs.
In empirical work, neither the technology factor, A, nor the amount of adjustment cost goods
produced is observed. However, by moving the adjustment cost term to the right-hand side and
regressing gross output on capital, labour, intermediate inputs, and investment over capital, an
estimate of adjustment costs can be obtained using ﬁrm- or industry-level data.15 Adjustment
costs lower a ﬁrm/industry’s measured productivity, because resources are being expended. The
ﬁrm is using its own labour to produce the adjustment cost goods, or it is contracting out the work,
and there is no corresponding increase in the production of ordinary output. It is important to note
that adjustment costs lower measured productivity, leaving the true underlying MFP unchanged.
As in the case of returns to scale, capacity utilization, and imperfect markets, adjustment costs
must be taken into account.
If one were to estimate the above model using aggregate data, the magnitude of the adjustment
costs should diminish.16 The adjustment costs of one ﬁrm are now either output of another ﬁrm
12. The notion of installation costs for new investment goods is nota recent idea. It can be found as far
back as Lucas (1967).
13. Adjustmentcostsmayalsobeallowedtobeafunctionoflagsoftheinvestment-to-capitalratio,orthe
investment-to-capital ratio of different categories of capital.
14. ForCanada,theinvestment-to-capitalstockratioforcomputerswas0.42in2001.Incontrast,theratio
for buildings and structures was 0.06.
15. Lichtenberg (1988) uses ﬁrm-level data and Bessen (2002) uses industry-level data.






æö + FAKLM ,,, () , =7
that produces these adjustment cost goods, or income of the former ﬁrm’s workers. Either way,
installation, training, and reorganization costs are now part of aggregate value added. In theory,
the entire output of both ordinary and adjustment cost goods should be accounted for at the
aggregate level, so adjustment costs should not cause a wedge between measured MFP and its
true value.
Adjustment costs, in practice, can still bias measured MFP at the aggregate level. Both Statistics
Canada and the Bureau of Labor Statistics calculate business sector MFP by aggregating industry
MFP. Therefore, even though the output of adjustment cost goods may be totally accounted for by
(to use one example) the business services industry, the fact that the measure of output and MFP
in the manufacturing sector is downward biased implies that business sector MFP is downward
biased as well. Furthermore, for the purpose of computing MFP, output is often computed using
the value-added/output approach. Since value-added output is calculated by adding every ﬁrm’s
sales of goods and services and then subtracting every ﬁrm’s intermediate input costs, it is
possible that the output of adjustment cost goods that the ﬁrm produces for itself is not included.17
In summary, the magnitude of the effect of adjustment costs is likely to be proportionally larger at
the ﬁrm level than at the aggregate level. Therefore, estimates of the effect of adjustment costs on
MFP at the aggregate level inferred from adjustment costs measured at the microeconomic level
should be interpreted with caution. The way in which estimates of aggregate MFP are constructed
determines the extent to which true underlying movements in technology are obscured by
adjustment costs. In addition, as long as growth in investment in new technology continues to be
high, or as long as adjustment costs are incurred because of past investment growth, measured
MFP will be lower than true MFP. As soon as investment growth stabilizes, measured MFP
growth will rise to its true level, ceteris paribus. As a result of adjustment costs, growth in
investment will tend to precede growth in measured MFP by a number of periods.
2.4 Investment in new technology and improvements in efﬁciency
The previous section described how investment in new technology led to adjustment costs and
hence mismeasurement of MFP. MFP itself is not affected by investment via this channel.
However, Brynjolfsson and Hitt (2000a, b) and Breshnahan, Brynjolfsson, and Hitt (2002)
suggest that investment in new technology can bring efﬁciency gains. They argue that computers,
as a general purpose technology, facilitate complementary technological and organizational
innovations. In turn, these innovations bring increases in output that are above and beyond those
17. If, on the other hand, output were measured via the income approach, then the production of
adjustment cost goods would be taken fully into account.8
resulting from simple accumulation of computer capital. For example, ICT is thought to facilitate
the ﬂow of information between workers, and between workers and management. Arnal, Ok, and
Torres (2001) argue that the strong association between ICT use and the presence of employee
involvement schemes, teamwork, and decentralized decision-making is evidence of this
relationship. Ichniowski, Shaw, and Gant (2002) suggest that, in contrast to a more traditional
hierarchical organization structure, a ﬂatter, involvement-oriented management structure
facilitated by ICT allows each individual worker to better access the human capital of other
workers, which in turn leads to higher productivity.18 Since there is likely to be a period between
the introduction of ICT and the ensuing organizational changes to exploit advantages of the new
technology, the long-run effect of investment in new technology on output should be greater than
that of the short run. The effect of investment in technology may even be negative in the short run,
as Brynjolfsson and Hitt (2000b) suggest, with ﬁrms struggling to maintain the same level of
output during the reorganization period.
Stiroh (2002) offers an alternative explanation for improvements in MFP that result from
investment in ICT capital. He suggests that the improved communication between ﬁrms that
results from ICT use generates network externalities that increase the productivity of all parties.
Investment in ICT by one ﬁrm leads to productivity spillovers to other ﬁrms in the network. As
Stiroh acknowledges, it is difﬁcult to distinguish between increases in productivity that result
from investment-led organizational change and innovation, and improvements that result from
network externalities. Improved business-to-business communication due to network externalities
facilitates organizational changes, such as outsourcing and just-in-time inventory control, but that
does not necessarily mean that improvements in productivity should be attributed to network
externalities. Increased outsourcing and better inventory-control systems may not have been
possible without improved communication, but the productivity improvements may not have been
realized by the development of network externalities alone. This paper attempts to ﬁnd evidence
of links between investment and MFP growth, but does not try to distinguish between the two
differing explanations.
Not only is it difﬁcult to distinguish the effects of improved communication links within the ﬁrm
from those between ﬁrms, it is difﬁcult to distinguish the effects of adjustment costs from those of
complementary innovations. Both adjustment costs and complementary innovations are argued to
18. InIchniowski,Shaw,andGant(2002),theamountofhumancapitalanindividualworkercanaccessis
called the individual’s connective capital. The sum of each individual’s connective capital is the
workplace’s connective capital. Increasing the number of links between workers raises the
workplace’sconnectivecapitalandproductivity.Ichniowski,Shaw,andGant(2002)citeotherstudies
that examine the positive effects of innovative human resource management systems, and present
some of their own empirical evidence from U.S. steel mills.9
be the result of investment in new technology. Thus, any indicator of investment in new
technology, such as the investment-to-capital ratio, should lead to both adjustment costs and
complementary innovations. Therefore, only the net effect of adjustment costs and
complementary innovations can be identiﬁed. The only difference is in the timing of the
relationships. Based on previous evidence from Bessen (2002), it is expected that the negative
effects of adjustment costs should be incurred only in the ﬁrst one or two years after the initial
investment, whereas evidence from Brynjolfsson and Hitt (2000a) suggests that the positive
effects of complementary innovations should be stronger over a longer period of time.
One possible solution to the identiﬁcation problem is to ﬁnd an indicator that is arguably more
strongly related to one thing than the other. The capital stock-to-output ratio might be such an
indicator. It is likely that productivity increases that result from improved communication
linkages between and within ﬁrms cannot take place until after some threshold level of capital
stock has been passed. One would not expect improvements in productivity to be noticeable if
only a handful of employees had access to ICT equipment, nor expect network externalities to
develop if only a small number of ﬁrms invested in ICT. On the other hand, adjustment costs
should depend not so much on the existing level of capital as on the change in the capital stock. A
large change in the capital stock would imply that the additional capital is less likely to be low
adjustment cost replacement capital. Adjustment costs per unit of investment may even be lower
after a large stock of capital has been accumulated when the installation and reorganization
process has been reﬁned. Consequently, the net effect of adjustment costs and complementary
innovations is likely to be an increasing function of the capital stock-output ratio.
3. Empirical Framework and Data
This section describes the data and explains how the effect of capacity utilization, and the net
effects of adjustments costs and innovations complementary to investment in new technology on
MFP, are identiﬁed.10
3.1 Data
The main analysis for this paper is conducted using annual data for Canada between 1961 and
2001, obtained from CANSIM. Measures of MFP, investment, hyperbolic end year net stock of
capital,19 and annual hours generally pertain to the business sector. The exceptions are the
measures of investment and capital for computer hardware, telecommunications equipment and
software, measures of current dollar output and labour compensation used to calculate labour’s
share of output, and the measure of industrial capacity utilization.20 The measures of investment
and capital for computer hardware and for telecommunications equipment and software are for
the non-agricultural business sector. Since the agricultural industry likely accounts for only a
small fraction of the investment and stocks of these types of capital, the results should not be
affected much by this discrepancy. Also, data for software investment and capital are available
only from 1981 onwards.
Labour’s share of nominal output is for the total economy, because GDP in current dollars is
available for the business sector only up to 1999. Since the number of data points to begin with is
rather small, omitting the data for 2000 and 2001 would amount to cutting 5 per cent of the
sample. Furthermore, while labour’s share of nominal output is not identical for the two sectors
19. The capital stock measure depends crucially on how depreciation is modelled. Koumanakos, Huang,
and Wood (1999) show that the geometric truncated pattern of depreciation assumed by Statistics
Canada yields a lowerlevel and growth rate of capital stock than the inﬁnite geometric pattern
assumed by the United States’ Bureau of Economic Analysis. Baldwinand Harchaoui (2000),
however, show that the impact of different assumptions about the depreciation pattern has a small
effect, one-ﬁfth of a percentage point over a 36-year period, on average MFP growth.
Since adjustment costs and innovations complementary to investment innew technology are
hypothesized to be a function of investment over capital stock, results may still depend on the
depreciation proﬁle chosen. Statistics Canada provides capital stock numbers using hyperbolic and
inﬁnite geometric depreciation proﬁles inCANSIM. The truncated geometric series used to create
their MFP measure isnot provided in CANSIM. Coulombe (2000) states that the capital stock
measuresresultingfromthehyperbolicandinﬁnitegeometricdepreciationproﬁlesaresimilar.Forthe
sample used inthis paper, the levels and the growth rates of the capital stock measure using the
geometricdepreciationproﬁlearelowerthantheonescalculatedusingthehyperbolicpattern,buttheir
correlation is very high. The correlation between the levels and the growth ratesof the two series is
0.9998 and 0.9941, respectively. Although Baldwin and Harchaoui (2000) do not report the
correlations, ﬁgures in their paper suggest thatthe growth rate of capital using geometric truncated
depreciation is highly correlated to the other two measures as well. As a result, the point estimates of
theparameterswilldependonthemeasureofcapitalchosenbecauseofascaleeffectthatiscausedby
differences inthe magnitude of the growth rates. This should not, however, signiﬁcantly affect the
estimated bias of measured MFP growth due to adjustment costs and the fraction of MFP growth
explained by innovation linked to investment in new technologies overa range of years.
20. The investment and capital stock numbers for computers and for telecommunications equipment and
software were provided by Statistics Canada, but are notavailable through CANSIM.11
(0.603 for the total economy and 0.576 for the business sector over the 1961–99 period), it can be
shown that the impact of substituting one series for the other is minor.
The industrial capacity utilization series is for the goods-producing non-agricultural industries.21
If this series is used to directly correct the measured MFP series by subtracting the product of the
capacity utilization growth rate and capital’s share of output from MFP growth, then one would be
assuming that the percentage change in industrial capacity utilization is the same as in the entire
business sector. Alternatively, one could estimate the effect of the change in industrial capacity
utilization on business sector MFP growth, or use only the industrial sector’s part of capital
income in the direct adjustment, but both methods would leave a bias in MFP because of changes
in capacity utilization in non-industrial sectors. Data restrictions preclude the second approach, so
this paper adopts the ﬁrst approach and compares it with the results that are derived by assuming
that the capital utilization rates in the business and industrial sectors are the same. The measures
of MFP corrected for variable capacity utilization are found to be nearly identical.22
3.2 Empirical framework
Value-added output is assumed to be produced by an aggregate production function like that
found in Bessen (2002):
where t indexes time, Y is value-added ordinary output, K and L are capital and labour inputs, Uk
is the capacity utilization rate of capital, and  gives the factor that ordinary output must be
scaled up by to obtain the output for the economy that includes adjustment cost goods. It is
assumed that adjustment costs, , are an increasing function of the ratio of investment, I, over
capital. The variable A indexes production technology. It is hypothesized that innovations and
organizational change complementary to investment in new technology are determinants of A.
21. ThispaperusestheterminatedseriesbasedontheStandardIndustrialClassiﬁcation(SIC)andnotthe
new series based on the North American Industry Classiﬁcation System (NAICS), because the latter
begins onlyin 1987. See Paquet and Robidoux (2001) for details on how both of these series are
calculated by Statistics Canada.
22. Another possibility isto concentrate solely on the manufacturing sector for which a matching
industrial capacity utilization rateis available. A drawback of this approach is that ofﬁcial Statistics
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The expression for MFP growth adjusted for capacity utilization in this framework is:
where has been approximated by a ﬁrst-order Taylor approximation around . In
contrast, the measured MFP growth is given by:
where Z is the traditional measure of MFP. It then follows that the measure of MFP in the
traditional growth accounting framework can be expressed as:
The measured growth of MFP is composed of underlying MFP growth ( ), growth due to
changes in capacity utilization of capital ( ), and growth due to adjustment costs
() .
Following Paquet and Robidoux (2001), this paper ﬁrst adjusts measured MFP for capacity
utilization before performing any further analysis. Assuming constant returns to scale and no
price markups, the measure of MFP from Statistics Canada, Zt, can be adjusted for capacity
utilization in the following way:
where is the measure of MFP adjusted for capacity utilization, is the average of labour share
of nominal output in year t and t-1, and UK is the industrial capacity utilization rate. As pointed
out in section 3.1, however, this process assumes that the capacity utilization rate in the industrial
and non-industrial sectors is the same. Figure 1 shows Statistics Canada’s measure of MFP
growth and MFP growth adjusted for capacity utilization. It is clear that cyclically adjusted MFP
growth is smoother than unadjusted MFP growth, and that, on average, the measures are
approximately the same.
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Substituting  for Z yields the following:
The above equation can be easily estimated given functional form assumptions for the adjustment
cost function and the unobserved underlying MFP. Assuming that adjustment costs are a linear
function of the log of the investment-to-capital stock ratio, and that underlying MFP growth is a
constant plus a linear function of the log of the investment-to-capital stock ratio plus a stochastic
error term, the estimating equation becomes23:
where  is an error term and  captures the net effect of adjustment costs and complementary
innovations on adjusted MFP. Lags of the investment-to-capital stock ratio can also be added to
control for situations where the effect of adjustment costs and complementary innovations are
spread out over a number of periods.
4. Results
Before proceeding with the regression of MFP growth adjusted for capacity utilization on the
growth of the investment-to-capital ratio (I/K) and its lags, unadjusted MFP growth is used as the
dependent variable instead, to highlight the importance of controlling for capacity utilization.
Table 1 shows ordinary least square (OLS) regression results with various measures of
investment-to-capital ratios as independent variables. Current period I/K growth for total
investment and machinery equipment has a positive and signiﬁcant effect on unadjusted MFP
growth.24 One-period lagged I/K growth is found to have a negative effect. These results are in
23. Adjustment costs are often postulated to be a convex function of the investment-to-capital ratio.
Adding the square of the log investment-to-capital ratio to the regression does not substantially alter
theresults.Furthermore,sinceproductivityshocksarethoughttobepersistent,itmaybeinappropriate
to model MFP growth as simply a constant, plus a linear function of the log of the investment-to-
capital stock ratio plus a random-error term. A more appropriate model wouldallow the error term to
be autocorrelated. Since bothapproaches yield consistent estimates, only the results from the former
approach are presented. Estimates usingGLS have beencalculated in most cases and are found to be
similar to ones presented in this paper. Also, since trend MFP growth has changed over the sample
period (Figure 2), the constant term should be allowed to vary over time. Therefore, estimates of the
model for various subperiods are presented.
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opposition to the hypothesis that the negative effects of adjustment costs should initially outweigh
the positive effects of complementary innovation and that the effect of complementary
innovations should be stronger in the latter periods. Furthermore, I/K growth and its lags for
ICT25 and computer hardware—types of capital that should be more representative of embodied
new technology—are insigniﬁcant.
Although capital stock is largely predetermined, investment is an endogenous variable. Therefore,
simultaneity bias may be the cause of the unexpected results. Table 2 shows independent variable
(IV) regression results where the various I/K growth rates for Canada are instrumented by their
U.S. counterparts and lags of their U.S. counterparts. The point estimates are slightly different,
but the results remain the same. Current I/K growth for total investment and machinery and
equipment has a positive and then negative effect on MFP growth, and I/K growth for ICT and
computer hardware is insigniﬁcant.26 These unexpected ﬁndings are caused by the relationship
between the I/K growth rates and the omitted capacity utilization growth rates. Shapiro (1986)
argues that, since capital is not fully ﬂexible, capacity utilization responds more in the short run to
shocks than investment. In response to a positive shock, capacity utilization ﬁrst rises and then
falls in later periods when capital is moved closer to its optimal level. Thus, I/K growth in total
investment and machinery and equipment captures the surge in capacity utilization in the ﬁrst
period and the decline in the second period.
Tables 3 and 4, respectively, show the OLS and IV regression results when MFP growth adjusted
for capacity utilization is used as the dependent variable. The I/K growth and its lags are
insigniﬁcant for total investment, machinery and equipment, and ICT. In fact, only the third lag of
I/K growth for computer hardware is positive and signiﬁcant. The fact that I/K growth and its lags
for total investment and machinery and equipment are insigniﬁcant is not surprising. Total
investment includes buildings and structures, and machinery and equipment includes ofﬁce
furniture, furnishings, automobiles, trucks, locomotives, and household equipment. Although
these types of capital may embody some new technology, they are not usually associated with the
creation of networks or complementary innovations that raise MFP. The ﬁnding that I/K growth
for ICT equipment is insigniﬁcant is somewhat surprising. However, the strongest evidence of
25. ICT includes telecommunications equipment, software, and computer hardware. See the Data
Appendix for more information on how the growth inI/K for ICT iscomputed.
26. Theﬁrst-stageregressionsindicatethat,fortotalandmachineryandequipment,theU.S.counterparts
are a suitable instrument for CanadianI/Kgrowth. The relationship between U.S. and CanadianI/K
growth for ICT and computer hardware isless strong, but it isfound tobecome stronger over time. In
fact,overthe1982–2001period,theR2fortheregressionofCanadiancomputerhardwareI/Kgrowth
on U.S. computerI/K growth and a lag is 0.45, higher than the 0.38 R2 for a similar regression using
total capitalI/K growth.15
investment in capital affecting MFP, from Lehr and Lichtenberg (1999) and Brynjolfsson and Hitt
(2000a), is for computer investment only.
It is surprising that only the third lag of I/K growth for computer hardware is positive and
signiﬁcant. This ﬁnding could be a consequence of the modelling strategy; speciﬁcally, adjusting
MFP growth for capacity utilization and not estimating it, and using MFP growth as a dependent
variable instead of labour productivity. To check the robustness of the ﬁnding, unadjusted MFP
growth is regressed against the growth rate of the capacity utilization rate, and the I/K growth for
computer hardware and its lags. Also, labour productivity growth is regressed against the growth
rate of the capital-labour ratio, the growth rate of the capacity utilization rate, and the I/K growth
for computer hardware and its lags.27 Table 5 presents the results for these regressions using OLS
and IV.28 In all four regressions, only the third lag of I/K growth for computer hardware is
signiﬁcant.29 The surprising result is therefore not due to the modelling approach of this paper.
Furthermore, in all cases, the coefﬁcient on the growth rate of capacity utilization is between 0.41
and 0.43, which is not statistically signiﬁcantly different from the average of capital’s share of
nominal output for the business sector, 0.4241. Therefore, Paquet and Robidoux’s approach of
adjusting the MFP growth before performing further analysis does not bias the outcomes.30
It is possible that only the third lag of I/K growth for computer hardware is signiﬁcant because the
negative effects of adjustment costs cancel out the positive effects of any organizational change
and complementary innovation. Before making this conclusion, however, other possible
explanations are explored. It could be the case that some of the earlier lags are not identiﬁed
because of a multicollinearity problem. Alternatively, the depreciation proﬁle of computer
hardware may be the cause. A computer loses much of its value through depreciation by the third
year.31 If the accounting value of computer capital drops signiﬁcantly in the third year after a
27. Thelabourinputusedtocomputethecapitallabourratioistotalannualhours.Thus,changesinlabour
quality have not been taken into account.
28. Again, the U.S. counterparts of the independent variables are used as instruments in the IV
regressions.
29. The ﬁndings for the other types of capital are not signiﬁcantly affected by different modelling
strategies either.
30. Although the coefﬁcient on the capacity utilization growth is similar to capital’s share of nominal
output, the two methods of adjusting for capacity utilization may still yield different results, because
capital’s share of nominal output is allowed to change overtime in Paquet and Robidoux’s (2001)
approach. It isfound, however, that MFP growth adjusted usingPaquet and Robidoux’s (2001)
approachandMFPgrowthadjustedusingthecoefﬁcientofcapacityutilizationgrowthfromanyofthe
regressions in Table 5 give almost identical series. Apparently, periods inwhich capital’s share of
nominal output is substantially different from the average of 0.42 are periods in which the growth of
capacity utilization isclose to zero. Thus, the difference in the amount of adjustment is extremely
small.
31. HarchaouiandTarkhani(2002)showthatthemedianannualdepreciationrateforcomputerandofﬁce
equipment used byStatistics Canada tocalculate MFP is0.51.16
large investment, but the computers themselves are still being used in production, then MFP
would rise as output appears to be produced with less capital. Another possibility is that an
omitted variable is biasing the results. Although the third lag of I/K growth for computer hardware
is statistically signiﬁcant, it can explain only 17 per cent of the variation in adjusted MFP growth.
Finally, the period of analysis may be too long, given the question at hand. Computers did not
experience widespread use until after the early 1980s. It may be the case that there is a structural
break in the data, whereby the limited use of computers before 1980 did not lead to levels of
adjustment costs or organizational change that can be detected using aggregate level data.
Two checks are done to determine whether multicollinearity is a problem. First, a polynomial lag
model is estimated. Second, three-year moving averages of the I/K growth for computer hardware
are taken, and then adjusted MFP is regressed against the averages centred around t-1 and t-4. The
ﬁrst column of Table 6 shows the results of the polynomial lag model, and the second shows the
results when moving averages of the independent variables are used as regressors. The
polynomial lag model gives coefﬁcients similar to those found in Tables 3 and 4. The regression
with moving averages yields an insigniﬁcant coefﬁcient for the three-period average around t-1,
but a signiﬁcant coefﬁcient for the average around t-4. Both regressions suggest that the
insigniﬁcant coefﬁcients for I/K growth in periods before t-3 are not the result of a collinearity
problem.
To check whether the third lag of I/K growth for computer hardware is signiﬁcant because of the
possible rapid depreciation of computer capital in the third year of its life, investment scaled by
gross capital stock is used as a regressor in place of investment scaled by capital net of
depreciation. Table 7 compares the results from this regression with those shown in the last
column of Table 4, where net capital is used; the results are not signiﬁcantly different. Thus, the
ﬁnding that the third lag of I/K growth for computer hardware is signiﬁcant is not due to the rapid
depreciation of computer hardware.
In an attempt to reduce the problem of omitted variables, three lags of the growth rate of adjusted
MFP are included in the regression. Table 8 compares the results from this experiment with the
results without the lagged dependent variables. It is found that only the ﬁrst lag of adjusted MFP
growth is signiﬁcant and that the coefﬁcients on the lags of I/K growth for computer hardware are
unaffected. The R2 of the regression improves to 0.38 from 0.17, but this still leaves the majority
of the variation in adjusted MFP growth unexplained.32
32. Addingsquaredandcross-producttermscanincreasetheR2to0.53,butthemainresult—thatthethird
lag of theI/Kratio for computer hardware is signiﬁcant—is still unaffected.17
Finally, to determine whether there is a structural break in the data, the sample is split into the pre-
1982, post-1982, and post-1974 periods. Regressions are then performed on the subsamples. The
break point at 1982 is arbitrary, but it does split the sample exactly in half and it roughly
corresponds to the point where widespread use of computers began. The break point at 1974 is
chosen because, as shown in Figure 2, trend MFP growth appears to decline after 1973. The
results in Table 9 show that the effect of I/K growth for computer hardware on adjusted MFP
growth is quite different across the subsamples.33 Only the ﬁrst subsample, 1961–81, shows
evidence of adjustment costs associated with period t I/K growth for computer hardware. On the
other hand, the positive effects of complementary innovation and organizational change are found
only in the 1974–2001 and 1982–2001 periods. In the 1982–2001 regression, period t growth of
I/K for computer hardware is positive and signiﬁcant at the 10 per cent level, while period t-1 and
t-3 I/K growth is positive and signiﬁcant at the 5 and 1 per cent levels, respectively. The results for
the 1974–2001 period are similar to the ones obtained when the entire sample is used, but the
t-statistic on the third lag of I/K growth for computer hardware during the 1974–2001 period is
much higher. Overall, the results in Table 9 support the idea that the negative effects of adjustment
costs are cancelling out the positive effects of complementary organizational change and
innovation, and that the negative effects of adjustment costs are falling and the positive effects of
complementary organizational change are growing stronger over time.
The results in Table 9 also support a hypothesis that, before the early 1980s, adding computers to
the mix of inputs actually decreased MFP growth, perhaps because they were not as “user-
friendly” as the current vintage. Positive gains to MFP did not materialize until after the early
1980s because a critical mass of computer capital had to be accumulated before improvements in
networking triggered organizational innovations. To obtain further evidence for this hypothesis,
the interaction between I/K growth for computer hardware and the computer capital-to-output
ratio, K/Y, is used as an explanatory variable. Since K/Y is a smooth series that increases over time,
a time trend is also entered into the regression to prevent the interaction term from picking up the
downward trend in MFP growth. The results are shown in Table 10.34 The fact that all the
interaction terms are positive and signiﬁcant provides further evidence for the hypothesis that a
33. Regressions on the subsamples usingI/K ratios for other types of capital, total, machinery and
equipment,andICTdonotrevealevidenceofachangeintheimpactoftheI/Kgrowthonproductivity.
All the coefﬁcient estimates, other than the constant, remain insigniﬁcantly different from zero. A
regression usingI/K growth for software as a regressorin the 1982–2001 period uncovers weak
evidence of positive lagged effects.These effects disappear, however, onceI/K growth for computer
hardware is entered into the regression.
34. Table11usesgrosscomputerhardwarecapitalinthecalculationofI/KandK/Y.Theconclusiondrawn
from the results inTable 11 does not change when capital net of depreciation is used.18
critical mass of computer hardware is needed to support complementary innovations and
organizational change.
Finally, it would be interesting to see how much of the so-called MFP revival since 1992 can be
explained by growth in I/K for computer capital.35 To assess the magnitude of the effect of
organizational change and complementary innovations on MFP growth over this period, the
average values of the I/K ratio for computer hardware and its lags are taken for that period and
multiplied by the corresponding coefﬁcients from the second column of Table 9. The one
exception is that the coefﬁcient for the second lag is set to zero, because it is not statistically
signiﬁcant. Table 11 shows that the average annual MFP growth rate between 1992 and 2001 is
1.23 per cent. The average adjusted MFP growth rate is lower, at 1.07 per cent, because the
average annual growth in capacity utilization is slightly positive. The amount of adjusted MFP
growth due to I/K growth for computer hardware turns out to be 0.37, approximately one-third of
the average annual MFP growth rate.
5. Conclusion
This paper has presented evidence that investment in computer hardware leads to growth in output
and productivity above that stemming from accumulation of computer capital alone. A large
portion of these gains, however, is not obtained immediately. Instead, the full impact of computer
investment is not fully realized until three years after the initial investment. If one were to
interpret these gains as coming from organizational change or other complementary innovations,
as they are in this paper, then the ﬁndings would suggest that there may be a period of learning
before ﬁrms realize the full potential of the new technology and begin implementing new
processes. It is important to note that these results do not suggest that computer investment does
not raise output immediately. Instead, the results imply that computer investment raises output
levels more than the amount usually attributed by traditional growth accounting methods. These
additional gains, however, take time to be realized.
35. Figures 1 and 2 show that MFP growth has generally been positive since 1992.19
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Notes: Dependent variable is MFP growth unadjusted for capacity utilization. Independent
variables are the growth rate of the investment-to-capital ratio and its lags. Column headings
indicate which type of capital the investment-to-capital ratio refers to. T-statistics are in









































Notes: Dependent variable is MFP growth unadjusted for capacity utilization. Independent variables
are the growth rate of the investment-to-capital ratio and its lags. Column headings indicate which
type of capital the investment-to-capital ratio refers to. The U.S. counterparts of the independent
variables are used as instruments. T-statistics are in parentheses. Number of lags are chosen using


































Notes: Dependent variable is MFP growth adjusted for capacity utilization. Independent variables
are the growth rate of the investment-to-capital ratio and its lags. Column headings indicate which
type of capital the investment-to-capital ratio refers to. T-statistics are in parentheses. Number of


































Notes: Dependent variable is MFP growth adjusted for capacity utilization. Independent variables
are the growth rate of the investment-to-capital ratio and its lags. The U.S. counterparts of the
independent variables are used as instruments. Column headings indicate which type of capital the
investment-to-capital ratio refers to. T-statistics are in parentheses. Number of lags are chosen





Table 5: Robustness Check





















































Notes: Dependent variable is indicated in the column headings. The growth rate of investment-to-capital ratio is
for computer hardware. The U.S. counterparts of the independent variables are used as instruments. T-statistics are


























a. Estimates for polynomial distributed lag model with a
quadratic speciﬁcation. Dependent variable is MFP
growth adjusted for capacity utilization. T-statistics are in
parentheses.
b. Dependent variable is MFP growth adjusted for capacity
utilization. Independent variables are three-period








Table 7: Depreciation of Computer Hardware





















Notes: Dependent variable is MFP growth adjusted for
capacity utilization. Column headings indicate whether
computer investment is scaled by gross or net computer

































Notes: Dependent variable is MFP growth adjusted for
capacity utilization. The growth rate of investment-to-capital
ratio is for computer hardware. T-statistics are in parentheses.
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Notes: Dependent variable is MFP growth adjusted for capacity utilization. The
growth rate of investment-to-capital ratio is for computer hardware. Number of















ln(It/Kt) x Kt/Yt 0.0418
(1.88)
ln(It-1/Kt-1) x Kt-1/Yt-1 0.0536
(2.54)
ln(It-2/Kt-2) x Kt-21/Yt-2 0.1096
(3.27)






Notes: Dependent variable is MFP growth adjusted for
capacity utilization. Investment and capital stock numbers
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Data Sources and Deﬁnitions:
Canada (Data for Canada are entirely from Statistics Canada)
• ICT includes computer hardware, telecommunications equipment, and software. The I/K
growth rate for ICT is computed by ﬁrst calculating the investment and capital stock growth
rates for each component of ICT. ICT investment growth is then obtained by taking a
weighted average of computer, telecommunications, and software investment growth. The
weight on each component of ICT investment growth in period t is the average of the compo-
nent’s share of nominal ICT investment in period t and t-1. Since data for software are availa-
ble only from 1981, the weight on software investment growth is zero before then. ICT capital
stock growth is calculated in the same manner. The I/K growth rate for ICT is calculated by
taking the difference between the investment and capital growth rates.
Multifactor productivity: Business sector, 1961–2001 (Index 1992=100).
Investment: Total (machinery and equipment plus non-residential buildings and
structures), and machinery and equipment. Business sector, 1961–
2001 (chained 1997 dollars).
Computers and telecommunications equipment, non-agricultural
business sector, 1961–2001 (current and chained 1997 dollars).
Software,non-agriculturalbusinesssector,1981–2001(currentand
chained 1997 dollars).
Capital stock: Total, and machinery and equipment. Business sector, hyperbolic
end year net stock, 1961–2001 (chained 1997 dollars).
Computers and telecommunications equipment, non-agricultural
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